Traditionally, computer manikins are used to convert the anthropometric data into more usable form for industrial application. Several product design software offer the option for creating digital manikins, for example, RAMSIS, CATIA, UGS, DELMIA, etc. These software make use of various boundary manikin methods such as multi percentile approach, central region boundary approach, Principal Component Analysis, etc. to create digital models. The anthropometric data for Indian population has been largely missing. Efforts have been undertaken by various academic institutions in India to collect this data over last several years. With the boom in the automotive industry, demand for collection of statistically robust anthropometric data has arisen from different segments of the industry. To meet this requirement, the Automotive Research Association of India (ARAI) undertook a 3D whole body scanning survey in India. In this survey, data of more than 5600 volunteers has been collected. This is the first 3D whole body survey conducted in India. The research aims at reviewing different concepts of digital human modeling and applying a suitable manikin generation technique to the anthropometric data generated by the SIZE INDIA survey. No such effort has been made before to convert this data into digital human models, in India.
Introduction
The study of anthropometry is the study of human body measurements to assist in understanding human physical variations and aid in anthropological classification. Anthropometry refers to the measurement of the human individual. It has been used for the purposes of understanding human physical variation. Anthropometry plays an important role in industrial design, clothing design, ergonomics and architecture where statistical data is used to optimize products. Ergonomic design uses anthropometric data to ensure that the equipment and surrounding environment fits the person. For this purpose it is important to have details of dimensions of appropriate body parts. 3D anthropometric data, obtained using 3D imaging technologies, provide detailed shape information. In addition, traditional measurements can also be extracted from the 3D models. Therefore, 3D anthropometric data offers an opportunity to improve the quality of the design models and, at the same time, maintain the simplicity of the traditional design schemes where key body dimensions are used. The principle that a product should be comfortable to use for the user is the most universally employed concept in ergonomics. If a product is to be used by only one user, careful measurements of that person's body will yield appropriate dimensional specifications for that product. However, in various fields, where a single product must accommodate a large percentage of the population, the constraints on the design values are usually imposed by the desire to accommodate a sufficient range of the population on the anthropometric measures [1] .
Objective: Defining Digital Human Models (DHMs) for Indian anthropometry
An anthropometric model is characterized by the exterior skin model that gives it a realistic appearance as well as by the interior skeletal model. The task of this interior model is to represent all postures and motion functions of the human body using as few joints as possible. However, due to recent improvements in computing capabilities, this restriction disappears more and more, favoring a realistic representation of the functionality of the skeleton. Nowadays even the skeleton can be displayed in a realistic form. The interior model serves as a framework for the exterior features connected to it. Whether they are statically or elastically connected is determined by mathematical algorithms.
A special challenge for anthropometric human models is the correct representation of body parts, focusing on mutability and reach spheres. A simple transfer of values from anthropometric tables generated by conventional measuring methods does not yield the desired results. Most of the models developed in the past used anthropometric measures from tables which had to be adapted to the necessities of the DHMs. In fact, conventional anthropometric data are derived from bone to bone measurements and therefore need to be modified for existing models [2] . Three-dimensional manikins are also known as Digital Human Models. These are software representations of humans that enable designers to visualize the effectiveness of a design before a physical prototype is constructed. The DHM programs can be used to assess many design concerns. For example, automotive companies can utilize DHM to examine if the current seat adjustability will allow a wide range of users to reach all of the needed controls. Being able to do all of this on a computer rather than using a physical prototype, results in faster, higher quality, and more accessible designs that also lower cost. Various software like CATIA, UGS, DELMIA, JACK, RAMSIS, SAFEWORK can be used to create digital manikins. Digital human models make use of the boundary manikin concept, where statistically extreme cases are used to represent the less extreme cases of a certain population. Various studies have been undertaken related to Indian anthropometry in fields like history and classics, nutrition, agriculture machinery design, and physical anthropology [3, 4, 5] . An anthropometric database created by the DRDO (Defence Research and Development Organisation) consisted of anthropometric dimensions of mainly personnel from the Indian armed forces. This database was created to be used in the design of clothing and personal warfare equipment. Another database of the anthropometry of Indian women was generated to be used in the ergonomic designing of workspaces, seats, controls, etc. for the reference population. This study consisted only of the Indian women aged 12-20 [6] . Recently, the Automotive Research Association of India has launched a project on the anthropometric size measurements of the Indian population, using 3-D whole body scanner technology. Under this project, anthropometric measurements of around 5600 people in India have been taken. This technology has been used in India for the first time to assist the taking of automatic anthropometric size measurements of human subjects in a very short duration. A digitized 3-D image of human body is created and a post processing software helps in extracting more than 150 different dimensions from the scanned image. Such anthropometric data is of great use for various industrial design activities like automotive interior design, occupant cabin design, readymade garment design, shoes and helmet design, 3-D computer games/animation and many more applications.
Literature Review
A special challenge for anthropometric human models is the correct representation of body parts that focus on mutability and reach spheres, and represent entire population of users by a family of manikins referred to as boundary manikins. A simple transfer of values from anthropometric tables generated by conventional measuring methods does not yield the desired results [2] . Various mathematical techniques are used in the generation of boundary manikins. Some of these are the percentile approach, Principal Component Analysis (PCA), and the confidence ellipse method.
Percentile approach
In the percentile approach, the key dimensions are set to a specific percentile value. This approach forms an imaginary square accommodation region (for two dimensions) formed by the respective confidence intervals for each dimension separately. The results obtained through univariate analysis when compared with those of multivariate analysis, demonstrate that application of univariate analysis to a multivariate problem leads to misleading results and poor estimates of accommodation. It has been found that approximately only 85% of the individuals are enclosed by the square area for a 90% desired accommodation level (dimensions are set between 5 percentile and 95 percentile) [7] .
Principal component analysis
Another technique called Principal Component Analysis (PCA) identifies the direction of maximum variance amongst a set of dimensions [8] . It can be used to identify the underlying basis of variability within the anthropometric factors considered. PCA re-expresses data along new orthonormal bases [9] . The first few principal components capture the maximum variability if the data are highly correlated. It is a data reduction procedure that can greatly simplify the use of a test sample for accommodation or design studies by reducing the number of dimensions of a hyper-ellipsoid.
Boundary case methods often use PCA which makes it possible to reduce the dimensions of the problem without much loss of the variance of the analyzed data. It includes manual analysis at the critical stage of reducing dimensions.
Confidence Ellipse Method
The confidence ellipse method is based on the idea that the people imposing the least design requirements are located in the centre of the entire population distribution. In the one dimensional situation the optimum population subset is contained in an interval centered at the mean value and containing the required percentage of the entire population. The optimum test individuals are the people located at the end points of the interval. The above idea can be extended to multi-dimensional case, where the simultaneous probability distribution of the key variables has an elliptical shape. The size of the ellipse can be varied to accommodate any desired percentage of the entire population [10] . This method is used for defining appropriate boundary manikins according to the selected key dimensions under desired accommodation level, which is represented by the confidence region. The confidence ellipse method makes use of the eigenvalues and eigenvectors of the covariance matrix to determine the confidence ellipsoid and the boundary manikins. The lengths of the axes of the ellipsoid are proportional to the eigenvalues, and the eigenvectors give the directions of these axes. The boundary manikins obtained by this method are located at the end points of each of the axes of the confidence ellipsoid, and one at the centre of the ellipsoid i.e. mean. Thus, the number of boundary manikins is given byn = 2•p + 1
Methodology
The Indian anthropometric data of only male population was used for analysis. The various parameters relevant to vehicle seat accommodation are listed in table 1. Figure 1 shows some of the seat design parameters and the corresponding shortlisted anthropometric parameters. This data of the shortlisted parameters was converted into their z-scores, since this helps in giving each distribution the same significance in the calculations [11] . PCA was applied to this standardized data. MATLAB® software was used for the computations and the results obtained are shown in figure  2 . Figure 2 shows the variances in data accounted for by the principal components, in a cumulative order, starting with the principal component accounting for the maximum variance and with subsequent principal components with decreasing variability. The results show that, in order to achieve 90% accommodation level (variance in the data), 7 principal components have to be considered.
Fig. 2. Cumulative variances for the fourteen principal components.
The shortlisted anthropometric dimensions were classified into independent and dependent parameters, shown in table 2, and the dependent parameters can be calculated by regression. The root mean square error values (RMSE) are also listed in table 2, and they were found to be within reasonable limits. Hence, the regressed values can be considered to be fairly accurate. After choosing the seven independent dimensions, PCA was performed on this data. Figure 3 shows the eigenvalues and cumulative variances for the seven principal components. It can be seen that, even for seven basic parameters, five principal components have to be considered if 90 percent accommodation level is needed. The eigenvalues indicate the magnitude of variability for the corresponding principal component.
Fig. 3. Eigenvalues and cumulative variances accounted for by the principal components.
In case of three principal components (3-dimensional space) the boundary manikins that have to be taken into account are as follows -two at the extremes of each axis (3 x 2 = 6), four on each plane (3 x 4 =12), and one in each quadrant (8 x 1 = 8). Thus, the total number of boundary manikins is 26 [12] . Using the same principle, for five principal components (5-dimensional space), the number of manikins to be considered for a given design application is equal to 62. Creating so many manikins is not pragmatic. Hence, the confidence ellipse method was applied to the seven independent parameters listed in table 2. Using this method, the number of manikins can be calculated by equation 1, and is equal to 15. Figure 4 shows the eigenvalues of the covariance matrix of the data. These eigenvalues determine the lengths of the axes of the confidence ellipse. The ellipsoid whose axes are defined by the root of eigenvalues (magnitude of length of axes) and eigenvectors (direction) represent a confidence region of approximately 39.4%. To obtain desired confidence level, the axes have been scaled up by a factor which is calculated using chi squared distribution and desired probability level for the confidence region [10] . Values of the shortlisted variables for each boundary manikin, M i , which are defined as the points at the ends of each axis (one at the positive end and the other at the negative end of the axis) were calculated. The standardized scores of the dimensions of the key measurements of the 15 boundary manikins are shown in figure 5 .
Asian Workshop on 3D Body Scanning Technologies, Tokyo, Japan, 17-18 April 2012 The dimensions of the manikins highlighted in blue in figure 6 (independent parameters) were calculated by the confidence ellipse method, and those highlighted in green were computed by the regression equations given earlier.
Results
Thus, dimensions of 14 parameters of 15 different manikins have been found. These manikins are boundary manikins, which are statistically extreme cases that accommodate a big part of the less extreme population. These values were used to generate manikins in CATIA V5, and they have been shown graphically in figure 7 in various postures. These manikins can be integrated in various virtual environments. The different postures can be used as an aid in the design of diverse products. Thus, the manikin family is applicable not only to vehicle accommodation, but also to a number of different designs, making repeatability of use possible. 
Conclusion
This paper explores various methods which make it possible to represent the Indian anthropometric data by a set of boundary manikins for the purpose of vehicle seat accommodation. The data considered was for the male population aged between 18 and 70. A manikin can be defined better with more number of parameters. However, with the increase in the number of parameters used for analysis, the number of boundary manikins generated by PCA may be overwhelming. In the analysis done in this paper, using the confidence ellipse method resulted in the creation of just 15 manikins, as opposed to 62 manikins which would have to be generated using PCA. Since it is crucial to keep the boundary cases to a minimum, the confidence ellipse method was used to reduce the number of manikins considerably, without any loss in the variability. CATIA was used to generate this set of manikins for the purpose of visual comparison.
